We calculated the incidence of drilling on bivalve genera from the Neogene fossil record of Panama and Costa Rica to determine differences in predation intensity among groups based on shell architecture, life habit, mobility, and taxonomic affinity. Bulk samples from 28 localities yielded >106,000 bivalve specimens, which were examined for characteristic drilling traces of muricid and naticid gastropods. We calculated the drilling intensity for the 90 most common genera, and characterized the size, ornament, life habit, and mobility for each genus. Large size confers considerable protection from drilling, but shell ornamentation does not. Life habit is strongly linked with drilling intensity. Epifaunal bivalves experience higher predation than infaunal bivalves and shallow burrowers experience higher drilling than deep burrowers. Mobility is also important for epifaunal bivalves; cemented taxa are twice as likely to be drilled as their uncemented counterparts. Our results suggest that bivalve behavior and life habits are more important than shell architecture for defense against drilling predators.
Interactions between predators and prey have long been recognized as major drivers of community evolution and diversification (Darwin 1859 , Dawkins and Krebs 1979 , Vermeij 1977 , Bambach 1983 , Steneck 1983 , Roy 1996 , Thompson 1998 ). In the marine realm, escalation, or enemy-driven evolution (Vermeij 1987 (Vermeij , 1994 , appears to occur more often than does coevolution, or reciprocal evolution (Vermeij 1994 , Dietl and Kelley 2002 . The response of molluscan prey to shell-damaging (durophagous) predators is particularly well suited to macroevolutionary studies of predation because of the abundant fossil record of mollusks and the potential for preservation of direct evidence of predation, especially traces such as drill holes and repair scars (Kowalewski 2002 and references therein, Alexander and Dietl 2003, Kelley and Hansen 2003) .
Several traits related to shell architecture and life habit are hypothesized to confer protection against predators (Vermeij 1977 , Bambach 1983 , Stanley 1988 , Alexander and Dietl 2003 , Kelley and Hansen 2003 . Among bivalves, thick, robust shells and ornamentation such as spines, knobs, and crenulations of valve margins are thought to reduce the probability of a fatal attack by crushing or drilling predators (Stanley 1970 , Logan 1974 , Vermeij 1978 , Bertness and Cunningham 1981 , Kelley 1989 , Harper and Skelton 1993 , Smith and Jennings 2000 , Alexander and Dietl 2003 . Organic rich laminae within bivalve shells (conchiolin) also appear to inhibit drilling and shell breakage (Harper and Skelton 1993, Kardon 1998) . Rapid burrowing and the ability of some bivalves to swim by jet propulsion are also interpreted as adaptations to reduce predation. Epifaunal bivalves cemented to a hard substrate may be more difficult for predators to manipulate (Harper 1991) . Still other bivalves may escape predation by boring into hard substrates, nestling (occupying crevices or holes abandoned by other organisms), burrowing deeply into the sediment, or camouflaging themselves with sponges or other encrusting organisms (Stanley 1970 , Vermeij 1983 , Harper and Skelton 1993 , Alexander and Dietl 2003 .
These interpretations are compromised, however, because they are based largely upon experimental manipulations of bivalve shells and predators (Harper 1991, Smith and Jennings 2000) or are anecdotal. To address these problems, we used a large quantitative data set of fossil bivalve assemblages to calculate drilling intensities for 90 common genera in the context of data on shell architecture and life mode for the same specimens. Specifically, we tested the hypothesis that bivalves with smaller, less ornamented shells should experience higher predation than their larger, more highly ornamented counterparts. Secondly, we tested the hypothesis that bivalves that can move freely by deep/rapid burrowing or swimming should be drilled less often than bivalves that are epifaunal, cemented, or have otherwise reduced mobility.
Methods
We collected a total of 176 bulk samples from 28 fossil localities termed faunules (O'Dea et al. 2007 , Smith and Jackson 2009 , Leonard-Pingel et al. 2012 ) from four basins in northern Panama and eastern Costa Rica (11-0.007 My; Fig. 1 , Table 1 ). All collection localities are interpreted to represent typical nearshore paleoenvironments and samples come from similar lithologic composition (a blue-gray sandy siltstone). In addition, all samples Table 1. collected came from an inferred paleodepth of ≤100 m. However, the faunules are interpreted to represent a range of paleoenvironments from soft-sediment/sandy bottom substrates to reef and seagrass beds based on sediment composition and faunal assemblages (O'Dea et al. 2007 , Leonard-Pingel et al. 2012 ; see Table 2 ). We recognize the possibility for habitat patchiness to influence predation, but expect overall trends to hold (sensu Sawyer and Zuschin 2010) .
Bulk samples were processed and washed on a 2-mm sieve to remove fossil material from the rock matrix and fossils were sorted into gross taxonomic groups. More than 106,000 identifiable bivalves with a hinge and umbo (see Gilinsky and Bennington 1994) were sorted, counted, and identified to genus following Todd (2001) . Total valve counts were then halved to obtain the number of bivalve individuals. Valves were examined for the presence of distinctive drilling traces left by predatory gastropods (see Kitchell et al. 1981 , Vermeij 1987 , Leighton 2002 , Walker 2007 ). We did not remove fragmented individuals from the analysis because most individuals were intact with the majority of fragmentation along the edges. With the exception of edge-drilling, which we did not observe in our samples, most drilling on bivalve prey occurs near the central or umbonal regions of the shell (Kelley 1988 , Kingsley-Smith et al. 2003 , Dietl et al. 2004 , Kowalewski 2004 ); therefore, we believe that our use of incomplete and fragmented individuals had minimal impact on our calculations. Initially, we distinguished between naticid and muricid drill holes, but because of vagaries in preservation and in the manifestation of drill holes among different shell types (Kowalewski 1993, Kelley and Hansen 2003) , we only considered whether a valve had been drilled or not, and not the predator's taxonomic affinity. We pooled bivalve genera across all samples and time, and calculated the drilling intensity for every bivalve genus with >25 valves by tallying the number of valves displaying at least one drilling trace, and dividing that by the number of individuals of that genus (Kowalewski 2002) . The size (small or large based on average adult length found in the literature), ornamentation (low, moderate, high), depth of burial (epifaunal, semiinfaunal, surface infaunal, shallow infaunal, deep infaunal), and mobility (cemented, byssally attached, free living, or variable) were determined for each bivalve genus using the Neogene Marine Biota of Tropical America molluscan life habits database (Todd 2001 ; see Appendix 1).
Each variable related to shell architecture or life habit was examined in relation to drilling intensity. Pearson's chi-squared tests were used to test for significant differences in relative abundance of drilled and undrilled valves for different shell sizes, among different levels of shell ornamentation, and among different life habits and mobility. To test how habitat influenced drilling trends, we subdivided the faunules into either biogenic (reef or seagrass, see Table 2 ) or soft-sediment habitats, and analyzed the bivalves from those two habitats for each of the variables listed above. Because multiple chi-squared tests were performed, a stringent Bonferroni correction was applied; all values reported as significant are significant at an alpha of P < 0.0017.
For the analyses of shell size and predation frequency, genera were grouped as small (<10 mm) or large (>10 mm) based on average adult lengths (see Appendix 1). The median drilling percentage for each abundant bivalve family (Pectinidae, Cardidae, Arcidae, Veneridae, Crassinellidae, Osteridae, Glycymeridae, Lucinidae, Corbulidae) was calculated for each faunule. These percentages were compared using a Kruskal-Wallis ANOVA.
Results
Results indicate that size has a significant impact on drilling incidence among all bivalve genera. Small bivalves (those with an adult length <10 mm) were drilled nearly twice as often as larger bivalves ( Fig. 2A , Table 3 ; χ 2 = 875.39, P < 0.0001, df = 1). This pattern generally holds within families as well; the percentage of drilled small venerids is slightly higher than that of larger venerids, without Bonferroni correction this would be a significant difference, but with the stringent Bonferroni it is not significant (Fig. 2B , Table 3 ; χ 2 = 8.80, P = 0.0030, df = 1). However, the incidence of drilling upon small lucinids is more than double their larger counterparts (Fig. 2C , Table 3 ; χ 2 = 135.19, P < 0.0001, df = 1). Drilling percentage differs significantly among all bivalves with low, moderate, or high ornamentation in unexpected ways (Fig. 3A , Table 3 ). Bivalves with moderate ornamentation experience significantly higher drilling than do bivalves with low (χ 2 = 656.87, P < 0.0001, df = 1) or high (χ 2 = 461.08, P < 0.0001, df = 1) ornamentation. When only epifaunal bivalves are considered, bivalves with low ornament have drilling percentages significantly lower than both moderate (χ 2 = 38.00, P < 0.0001, df = 1) and high (χ 2 = 36.20, P < 0.0001, df = 1) ornament groups; moderate and high ornament groups do not show a significant difference in drilling percentages within the epifaunal group (χ 2 = 2.19, P = 0.1392, df = 1) ( Fig. 3B , Table 3 ).
Relationship to the substrate strongly influences susceptibility of bivalves to predation. Predation intensity is twice as high for epifaunal bivalves as for infaunal bivalves (Fig. 4A , Table 3 , χ 2 = 362.70, P < 0.0001, df = 1). Corbulids and scallops were removed for this analysis because of their distinctive life habits that obscure the general pattern. Corbulids were excluded because of their anomalous, quasi semi-infaunal life habit (byssal attachment to sediment grains at or just below the sediment surface) and their overwhelmingly high abundance in most samples. Scallops were excluded because of their unique ability to move freely or swim. Analysis of drilling and life habit showed that infaunal bivalves with the ability to burrow deeply into the sediment experience significantly less drilling than do bivalves that are shallow burrowers (Fig. 4B , Table 3 , χ 2 = 2017.77, P < 0.0001, df = 1). Similarly, uncemented epifaunal bivalves are drilled half as often as cemented epifaunal bivalves (Fig. 4C, Table 3 ; including scallops: χ 2 = 330.43, P < 0.0001, df = 1; excluding scallops: χ 2 = 48.37, P < 0.0001, df = 1). These patterns hold when controlling for environment, with two notable exceptions (Table 4) . Drilling percentages for infaunal and epifaunal bivalves are not significantly different in biogenic habitats (18.58% and 17.87%, respectively; χ 2 = 1.13, P = 0.2869, df = 1). Additionally, uncemented epifaunal bivalves excluding scallops are less frequently drilled than cemented taxa, but the differences are not significant under the selected Bonferroni correction (χ 2 = 7.35, P = 0.0067, df = 1). Taxonomic affinity also influences susceptibility to predation. Drilling percentages differ significantly among abundant bivalve families ( Fig. 5 ; Kruskal-Wallis test: χ 2 = 74.01, P < 0.0001, df = 8). Pectinidae (scallops) experience the lowest incidence of drilling with a median drilling percentage of only 0.87%. Several families with different life habits and shell architecture experience similar intermediate levels of drilling (Fig. 5) . Families experiencing highest overall drilling intensity are Lucinidae (17.4%) and Corbulidae (21.7%). Corbulids are small and live just beneath the sediment surface. Lucinids are more variable in size and have well developed siphons that allow larger individuals to live well below the sediment surface. The high drilling percentage of lucinids reflects the predominance of small specimens and taxa in our data set.
Discussion
Large size confers a significant refuge from predation. Smaller bivalves experience higher drilling intensities than larger bivalves (Fig. 2) . In particular, larger infauna are able to burrow more deeply than smaller infauna (Stanley 1970) , and are more difficult for naticid gastropods to manipulate for drilling (Kelley and Hansen 2003 and references therein). Extensive ornamentation was a surprisingly ineffective deterrent to drilling predation, although it may be effective against other predators (Logan 1974 , Bertness and Cunningham 1981 , Vermeij 1987 . Among all bivalve life habits, moderate to high ornamentation appears to confer little or no protection against drilling. This is consistent with the hypothesis that surface ornament in infaunal bivalves is more closely related to burrowing (Stanley 1970) . High ornamentation also does not appear to deter drilling predation in epifaunal bivalves. Low incidence of predation on epifaunal bivalves with little ornamentation is almost certainly due to their mobility. Highly ornamented epifaunal bivalves do not appear to enjoy any additional protection from drilling predators than their moderately ornamented counterparts. Thus, our results are consistent with experimental studies that suggest the role of ornament in reducing predation is ambiguous (Carter 1968 , Logan 1974 , Vance 1978 , Feifarek 1987 , Harper and Skelton 1993 . Life habit is a very important determinant of bivalve susceptibility to drilling predation. Deep burrowers are drilled less often than shallow burrowers and surface-dwelling infauna. This protection appears to extend even to burrowing naticid predators. Scallops that can swim away from predators experience much lower incidence of predation than any other epifaunal or infaunal bivalves in our sample. In contrast, cemented epifaunal bivalves suffer much higher predation. This may reflect two factors. First, cementation, which acts as a deterrent to some predators (Harper and Skelton 1993, Alexander and Dietl 2003) , may not deter drilling gastropods, especially muricid gastropods, which do not manipulate their prey (Harper and Skelton 1993, Kelley and Hansen 2003) . Second, cemented epifaunal bivalves are often found in reef habitats where drilling intensities are significantly higher than other habitats (Stanley 1970) . Our results are similar to those of Sawyer and Zuschin (2010) , who also reported that epifaunal bivalves had consistently higher drilling frequencies than infaunal bivalves across a variety of nearshore habitats and that attached epifaunal bivalves experienced higher drilling frequencies than their reclining counterparts. The similarity of these results from different times and geographic localities lends credence to our assertion that bivalve life habits are of fundamental importance in determining their susceptibility to drilling predators. Bivalve families differ greatly in their overall susceptibility to drilling predators in ways that transcend differences in size, ornamentation, and life habit. Differences in the incidence of drilling among higher taxa are strikingly clear and make intuitive sense because taxonomy reflects many factors at once, including ornamentation, ecology, and shell microstructure. Scallops (Pectinidae), which have crenulated shells and an ability to actively escape predators, are rarely preyed upon by drilling gastropods. In contrast, small bivalves that live right beneath the sediment surface, such as Corbulidae and most lucinids, exhibit the highest incidence of drilling in our study (17.4% and 21.7%, respectively), a pattern that is consistent with other research Hansen 1993, 2006) . This is likely due to their life habit and typically small size. Differences among habitats may also be important in determining predation frequency. For example, both Lucinidae and Veneridae are infaunal and similar in range of size and ornament, but exhibit strikingly different incidences of predation. Lucinids predominate in seagrass habitats where drilling percentages are more than double those in unvegetated sandy sediments where venerids are most abundant and drilling frequencies are lower (Sawyer and Zuschin 2010) . We see some evidence of this in the analysis of infaunal vs epifaunal drilling proportions within biogenic habitats, where infaunal bivalves have a statistically indistinguishable drilling percentage from epifaunal bivalves. Especially in seagrass beds, small or surface dwelling infaunal bivalves experience unusually high predation (Sawyer and Zuschin 2010) .
Higher drilling intensity within seagrass beds also accounts for the higher drilling percentage of uncemented epifauna (not counting scallops) within biogenic environments. Susceptibility to predation based on habitat may therefore be difficult to tease apart from inherent susceptibility based on shell architecture, behavior, and taxonomy. However, we believe that the trends described here are generally true for bivalves from all habitats.
In conclusion, several functional morphological traits of bivalves are related to drilling intensity in ways previously hypothesized, whereas others are not. Shell size, life habit, and mobility strongly influence susceptibility of bivalves to drilling predators, whereas ornamentation does not. Taxonomic affinity integrates the influence of different characters and provides a useful signature of susceptibility to predation that is intuitive and informative. Nevertheless, variability within families is high (Fig.  5 ) due to variations in predation intensity based on environmental influences such as habitat type. 
